CoryneRegNet is an ontology-based data warehouse of corynebacterial transcription factors and regulatory networks. Initially, it was designed to provide methods for the analysis and visualization of the gene regulatory network of Corynebacterium glutamicum. Now we integrated the genomes and transcriptional interactions of three other corynebacteria, C. diphtheriae, C. efficiens, and C. jeikeium into CoryneRegNet; providing comparative analysis and visualization with GraphVis. We also integrated the high-performance PSSM search tool PoSSuMsearch to detect potential transcription factor binding sites within and across species. As an application, we reconstruct in silico the regulatory network of the iron metabolism regulator DtxR in the four corynebacteria.
Introduction
Recent advances in high-throughput post-genomic techniques, such as transcriptomics, proteomics and metabolomics, have resulted in rapid accumulation of genome-wide data at various cellular levels, providing a foundation for in-depth understanding of biological processes in prokaryotes [5] . In parallel, a variety of in silico modeling and simulation approaches have been developed for analyzing cellular metabolism at the systems level. A shortcoming of many purely stoichiometric metabolic models is that they do not account for transcriptional regulation [12] , although the bacterial cell is a dynamic system able to monitor the environment and to respond specifically to variations in external and internal conditions [8] . Environmental signals are sensed mostly by DNA-binding transcription factors that direct the corresponding response of the bacterial cell. A general hindrance in reconstructing the connectivity of regulatory interactions by pure bioinformatics approaches is the (relatively) low level of evolutionary conservation of transcription factor binding sites whose nucleotide sequences and locations determine 
Features of CoryneRegNet 2
Initially, CoryneRegNet was designed to provide methods for the analysis and visualization of the gene regulatory network of C. glutamicum. After providing the first release of CoryneRegNet [1] , we now extend the database to provide information about more than one corynebacterial genome and regulatory network. Thereby we recognize the need for the integration of comparative analysis methods for genes as well as regulatory networks to allow researchers to transfer knowledge from C. glutamicum to other corynebacteria. The complete genome sequences of C. diphtheriae, C. efficiens, C. glutamicum and C. jeikeium along with their genome annotations were downloaded from NCBI in GenBank format and imported into CoryneRegNet, taking into account different identifiers for C. glutamicum genes. Additionally, gene regulation relations have been imported into the data repository as derived from literature, computer predictions or experimental projects [3, 4] .
CoryneRegNet, like most web-based user interfaces to biological data sources, supports the following tasks: (1) browsing, (2) searching by restricted values, (3) data visualization and (4) querying. The overall structure of CoryneRegNet is illustrated in Figure 1 . The web-based front-end consists of two parts:
1. A typical HTML-based front-end displays a statistical summary of CoryneRegNet and enables the user to start searching and querying the database by several criteria using the typical search mask style of other gene regulatory databases, such as PRODORIC [9] , RegulonDB [14] or TRANSFAC [15] . Results are presented in a table-based style showing relevant information on the queried genes including their transcriptional regulations.
2. Extending the typical output in the browser window, CoryneRegNet supports a graphbased visualization of the whole or partial gene regulatory network starting with a list of genes. The GraphVis Java Applet traverses the network, up to a user-defined threshold to reconstruct and render the corresponding part. way. For example one can check the distribution of the distances of the binding sites of transcription factors from the start position of their target genes. As expected, the frequency of regulator binding site locations is highest near the target gene start and decays with increasing distance. CoryneRegNet provides more statistical information, such as relations between the number of regulated genes of transcription factors vs. the number of their co-regulators, or the quantities of regulatory relations, regulator types and regulatory protein families.
As the main purpose of CoryneRegNet is to allow the refinement of gene regulatory networks, we integrated the PSSM-based transcription factor binding site prediction software PoSSuMsearch into release 2 (see Section 4 for details). We provide three ways to use this feature:
1. When viewing the details of a selected gene or protein, one can use all known PSSMs to predict regulator binding sites in the upstream region of the selected gene by choosing some options: the corynebacterium from which the PSSM was calculated, the minimal number of binding sites the PSSMs were created from (as a quality measure), and a significance (p-value) threshold.
2. If the selected gene encodes a transcription factor with known binding sites, the user can apply the PSSM associated to the TF to search for binding sites in all upstream sequences of a chosen organism by defining the background model and the p-value cut-off.
3. For researchers who work on different (coryne-)bacterial species, we offer a more general method to predict binding sites. The user can click on "TFBScan" in CoryneRegNet's startup search mask (in the lower right corner of Figure 2 ) to enter up to 10 user-defined sequences in FASTA format and specify the same options as in the first case. Figure 3 illustrates the result table presented by CoryneRegNet after binding site matching.
The advantage of having genes and regulatory elements of four corynebacterial organisms integrated in CoryneRegNet provides comparative visualization possibilities of transcriptional networks of orthologous genes and regulators, as shown in Figure 4 . The improved GraphVis feature of release 2 allows the user to extend an imported graph dynamically ( Figure 5 ). grated during future research and database development is not available beforehand. At present, most databases are implemented on relational database management systems: They store data by using specialized data structures, which leads to two problems during data processing.
1. Attribute names are often not self-explanatory and equivalent attributes have different names in different databases. Therefore, problems with attribute values might occur when using, for instance, unequal units in different data sources [7] .
2. The main problem, however, affects the querying procedure, since it requires detailed semantic knowledge about the content of specific database tables. When extending an embedded database by new data, the data structure of the back-end needs to be changed, which usually affects the import procedures and the front-end applicability as well as the stability and integrity of the whole system.
For CoryneRegNet, the starting point of data integration is a collection of different flat files that store the corynebacterial genome annotations, predicted operons, gene regulations and the membership of transcription factors to their protein families. In order to supply the researchers' need for structured information and appropriate visualization along with knowledge recombination for usage in further analyses and integrated easy-to-use bioinformatics methods, such as transcription factor binding site prediction, an important task is to find a way to import existing data into a single data scheme, with respect to expandability of the data repository by data of unknown and unspecified structure.
Our approach to address the mentioned challenges converts all data sources into a common ontology-based, graph-like data structure, denoted integrated ontologies (also recently used in the ONDEX system [6] ).
An ontology-based data structure consists of concepts that are linked through relations. The integrated data can be regarded as a set of structured and named concepts, whereas the data sources are so-called controlled vocabularies (CVs) [7] . During the data warehousing (import) process, CoryneRegNet creates a dataset concept for each biological entity (genes, proteins, transcription factors, etc.) and a dataset relation for each linkage between two concepts [1] . All concepts and relations are typed, using concept classes and relation types that are organized internally as specialization trees. Furthermore, the database back-end stores the CV from which the concepts and relations are extracted and the unique accessions and names they have in the source databases. Additionally, attached attributes are saved in a generalized data structure to overcome the above mentioned attribute handling problem with values from heterogeneous data sources.
Using an ontological structure mainly impacts the querying procedure, which remains unchanged when extending the data repository by new data integrated from various data sources. For CoryneRegNet 2, we added three corynebacterial genome annotations to the database backend. The process is very similar to the first release, which contained a single genome annotation. To include the data, the import manager creates a concept for every biological entity and a relation for every connection between two concepts. In addition, we formulate a new concept class organism and a new relation type belongs to organism. Consequently, each biological concept (gene, protein, etc.) is linked to the concept organism by a relation of type belongs to organism. The result is a database that contains more information but appears unchanged to all querying front-end programs. One example: When using the release 1 front-end (designed for a single organism) with the release 2 database content (containing four organisms) to display all genes having DtxR in their names list, the output is a simple list of four genes (one for each corynebacterial species), as the release 1 front-end does not distinguish between the species. The important point is that the front-end can access the extended database.
The CoryneRegNet back-end was considerably enhanced compared to release 1. After the import procedure, several time consuming pre-calculations are executed. First, the upstream region of each gene is extracted and stored in a separate table the database and additionally in a flat file in FASTA format for integration with the PoSSuMsearch software (see also Section 4). The CoryneRegNet import program includes all-vs.-all BLAST results for all gene and protein sequences in the database using an E-value (expected number of higher scoring hits in random sequences) threshold of 10 −6 for genes and 10 −10 for proteins. This calculation has to be performed just once when a new genome annotation is added. The results are re-used in later import procedures, in contrast to the PoSSuMsearch suffix array, which has to be re-created during every data warehousing process because the upstream sequences that are used in this pre-calculation step depend on the imported operon tables. In addition, all PSSMs are recalculated. The import process is illustrated in Figure 1 .
We use the relational database management system MySQL 4.1.9 (http://www.mysql.com) on a Solaris 9 / SunOS 5.9 operating system. All parser and data integration software is written in Java 1.4.2 (http://java.sun.com) and thus system independent. We furthermore make use of a pre-compiled PoSSuMsearch distribution for Solaris (http://bibiserv.techfak. uni-bielefeld.de/possumsearch). The CoryneRegNet overview statistics are computed using PHP, all diagram graphics are created with JpGraph 1.20.3 (http://www.aditus.nu/ jpgraph) and GD Graphics Library 2.0 (http://www.boutell.com/gd).
Integrating the PSSM matching software PoSSuMsearch
The typical user of CoryneRegNet looks for answers to many different questions, most of which cannot be anticipated. As new questions arise, the bioinformatics community is usually quick to develop algorithms and software packages to attack these problems. For CoryneRegNet, there is no need to re-invent the wheel either; instead, our focus is to integrate the best available special-purpose tool for a particular task and merge the obtained results into the existing knowledge base.
Here we describe the integration of the motif matching software PoSSuMsearch [2] from http: //bibiserv.techfak.uni-bielefeld.de/possumsearch/ that provides a fast and statistically sound method to detect transcription factor binding site (TFBS) motifs in a collection of DNA sequences. CoryneRegNet provides an easy-to-use interface to PoSSuMsearch, for example by the TFBScan button on its title page.
In what follows, let Σ := {A, C, G, T} be the DNA alphabet. There are many models to describe the DNA motif a particular transcription factor binds to. By far the most widely used one is a position specific score matrix (PSSM): For a motif of length m, a PSSM is a 4 × m matrix S = (S c,i ) c∈Σ, 1≤i≤m of real numbers (scores). A PSSM allows to assign a score s(w) to any length-m DNA sequence window w = (w 1 , . . . , w m ) by setting
We say that the PSSM S matches w if s(w) ≥ t for a suitably defined score threshold t. The idea is that the matches are good candidates for real TFBSs if we properly choose the scores S ij (generally as log-odds scores between nucleotide distributions of true binding sites on the one hand and a background distribution on the other hand) and the threshold t (ideally based on statistical considerations of both type-I and type-II error; see e.g., [11] ).
A typical use case would look as follows (see also Section 2): Assume that it is known that a certain transcription factor regulates certain genes and that the binding sequences upstream of these genes are also known. From these sequences, we can build a PSSM model and use it to look for further matches upstream of potentially regulated genes (e.g., those found to be co-differentially expressed in microarray analyses). We might also be interested in doing a genome-wide search for the motif, although without any contextual information, motif occurrences are generally not meaningful. The computational problem remains the same, however: (g i , . . . , g n ) be the ith suffix of g. Now order the suffixes lexicographically, i.e., find the permutation p of {1, . . . , n}, called the suffix array of g, such that
. Additional tables, lcp and skp, that contain the longest common prefix (lcp) lengths between lexicographically adjacent suffixes, and the array position of the next smaller lcp length, respectively, are also created. Together with p, they form the enhanced suffix array.
The enhanced suffix array needs to be pre-computed only once for the whole sequence content of the database and enables subsequent fast searches: Scoring sequence windows in lexicographic order with lcp-information allows to re-use partial prefix scores without recomputing them. For example, assume that sequence windows w 1
=ACCAG and w

2
=ACCAT are adjacent; their lcp length is 4. Knowing the partial score of the length-4 prefix of w 1 , we only need to add the T-score at position 5 to obtain the score for w 2 . Using the skp-table, large parts of the text that can never reach the threshold because of low prefix scores can be skipped in constant time.
PoSSuMsearch implements (non-permuted) lookahead scoring and ESAsearch; the latter one being generally fastest on long DNA sequences because of the ability to skip large parts of the sequence. At the time of writing (May 2006), CoryneRegNet contains 26 PSSMs in the form of nucleotide frequency count matrices and 6 MB of upstream sequence data (1.8 MB in C. glutamicum, 1.7 MB in C. efficiens, 1.3 MB in C. diphtheriae, 1.2 MB in C. jeikeium). To our knowledge, PoSSuMsearch is the only available software package that is fast enough to provide interactive response times for large-scale PSSM searches and at the same time integrates exact statistics: The score threshold t for matching is automatically computed based on the tolerable frequency of hits in random sequences (p-value) by an efficient and exact lazy-evaluation method [2] .
PoSSuMsearch interacts with CoryneRegNet as follows: During data warehousing, the enhanced suffix array for each of the four corynebacteria is created to allow the use of ESAsearch instead of a slower window-sliding algorithm. Before a search is started, CoryneRegNet computes the background distribution (nucleotide content frequencies) of the search space and the log-odds PSSM on-the-fly and passes them to PoSSuMsearch via temporary files. PoSSuMsearch is executed using a system call from the PHP front-end. It temporarily creates tabdelimited flat files storing the matching results which are read by the font-end and deleted afterwards. The bioinformatics identification of the total sets of DNA-binding transcription factors was an initial step in defining the regulatory machinery of these bacteria and revealed different quantities of transcription factors depending on the habitat of the organism and its genome size [3] . One transcription factor conserved in all four species is DtxR, the diphtheria toxin repressor of C. diphtheriae, which has been subject to several genetic studies over the last years. Recently, the orthologous protein of C. glutamicum has been characterized on transcriptional level using DNA microarray technology [4] . Supported by bioinformatics analysis of the genome sequence of C. glutamicum a 19-bp palindromic sequence was identified in the upstream region of differentially expressed genes and was verified by DNA band shift assays in vitro. By this means the DtxR protein of C. glutamicum is directly activating or repressing the transcription of at least 64 genes with function in iron transport and utilization as well as in central carbohydrate metabolism and in transcriptional regulation [4] .
In this study we report on the bioinformatics prediction of the regulatory network of DtxR of C. diphtheriae with CoryneRegNet 2. We use experimental data on DtxR binding sites of C. glutamicum to calculate a PSSM. This matrix is applied to search for possible DtxR target sites in the non-coding regions of the genome sequence of C. diphtheriae with the TFBScan option. Here we do not consider reverse or complementary hits although this would be possible. Since we already know part of the C. diphtheriae network, we can evaluate the promise of such an approach.
We vary the p-value cut-off between 10 −7 (extremely strict) to 10 −4 (relatively loose); Figure 3 shows the search results for 10 −5 . Using the methods from [11] we predict the number of hits due to chance and the fraction of identified true binding sites at this threshold, assuming that the PSSM is an accurate model. The results are shown in Table 1 . Choosing a p-value cut-off of 10 −6 (E-value of 1.3), we find almost a quarter of the known regulated genes and are left with 1 hit for further study, which the E-value predicts to be due to chance. The statistics suggest that we should find almost half of the true regulated genes, but this prediction is based on the assumption that the true binding sites are independent samples from the frequency matrix, which is not true for two reasons: First and foremost, we are using the C. glutamicum PSSM for predictions of binding sites in C. diphtheriae, where the binding motif is different. This is the price we pay for moving from one organism to a different one. Second, true binding sites do not behave according to a simple probabilistic model, and therefore the expected coverage prediction can only be true up to an order of magnitude.
Taking these caveats into account, the integrated TFBScan of CoryneRegNet 2 is a valuable tool to predict regulatory networks in taxonomically related microorganisms by using PSSMs of experimentally defined regulons.
As a new feature of CoryneRegNet 2, we use the graph visualization tool GraphVis to display the DtxR regulons of all four corynebacterial genomes with a depth cut-off of 1. These regulatory networks are displayed in Figure 4 ; they are based on experimental data and bioinformatics predictions [4] stored in the database. DtxR is located in the center of each graph connected to the target genes by green or red arrows indicating activation or repression, respectively. Another alteration in release 2 is the differentiation between genes preceded by transcription factor binding sites (circles) and genes located in operons (squares). In order to extend the information content of the graph the depth cut-off can be varied for single nodes by using the "extend graph" option in the GraphVis applet. In Figure 5 we extended the graph of the DtxR regulon of C. glutamicum for cg1120, coding for the transcription factor RipA, disclosing a regulatory sub-network of the DtxR regulon in C. glutamicum. The direct extension of the graph within the GraphVis Java applet enables the user to dynamically reconstruct and visualize the hierarchical structure of regulatory networks.
Conclusion
With the second release described in this article, CoryneRegNet has evolved from a simple information system to a powerful data warehouse for the analysis and reconstruction of gene regulatory networks across species: We have extended CoryneRegNet to all of the four publicly available corynebacterial genomes and now provide tools for comparative analysis and visualization, based on automatic orthology prediction. Network drawing has been made dynamic, i.e., the user can interactively extend the visualized part of the network around nodes of interest. The most significant addition from a user perspective is the integration of PoSSuMsearch, allowing to predict transcription factor binding sites within and across species. The utility of this approach has been demonstrated by predicting the network of the iron metabolism regulator DtxR in C. diphtheriae, based on the known binding motifs in C. glutamicum and orthology information: The predictions agree well with the experimentally verified relations from [4] , and also suggest a few new candidates for experimental verification.
In the near future, we plan to extend CoryneRegNet by further small features (e.g., the integration of sequence logos for binding sites, the visualization of predicted networks in comparison to those stored in the database). Our long-term plans are to integrate different kinds of data and networks (correlation networks from microarray experiments, post-transcriptional regulations, and riboswitch controls) to provide a larger basis upon which to build more refined prediction methods for regulatory networks.
